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Abstract 
This Topical Review provides an overview of the dielectric properties of a variety of organic charge-
transfer salts, based on both, data reported in literature and our own experimental results. Moreover, we 
discuss in detail the different processes that can contribute to the dielectric response of these materials. We 
concentrate on the family of the one-dimensional (TMTTF)2X systems and the two-dimensional BEDT-
TTF-based charge-transfer salts, which in recent years have attracted considerable interest due to their often 
intriguing dielectric properties. We will mainly focus on the occurrence of electronic ferroelectricity in 
these systems, which also includes examples of multiferroicity. 
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1. Introduction 
 
Organic charge-transfer salts exhibit a rich variety of different electronic and magnetic phases, including 
Mott insulators, unconventional superconductors, charge order (CO), spin- and charge-density waves 
(CDW), spin liquids, ferroelectrics and even multiferroics. Moreover, different dimensionalities are found 
in these systems ranging from three- to one-dimensional. Especially for the investigation of the ferroelectric 
phases, dielectric spectroscopy is inevitable and for various members of this material class intriguing and 
unexpected dielectric behaviour was found (e.g., [1,2,3,4,5,6,7,8,9,10,11]). Moreover, CO, which is a rather 
widespread phenomenon in organic charge-transfer salts [12], is usually accompanied by a significant 
increase of resistivity or even a metal-insulator transition when the formerly delocalized electrons condense 
into the charge-ordered phase. CO is often accompanied by dielectric anomalies and interesting dielectric 
properties can result from this phenomenon, e.g., so-called colossal dielectric constants [13,14,15]. Special 
interest arises from the fact that in some organic charge-transfer salts a CO-driven ferroelectric state was 
detected (e.g., [1,2,3,4,16]) characterizing them as so-called electronic ferroelectrics. In contrast to the off-
centre displacement of ions in canonical ferroelectrics, in this class of materials the electronic degrees of 
freedom generate polar order. This exotic phenomenon has attracted considerable interest and, when 
combined with magnetic ordering, can give rise to new classes of multiferroic materials. Multiferroicity, 
especially the simultaneous occurrence of dipolar and magnetic order, is a relatively rare phenomenon [17]. 
Due to its promising applications in future electronics, the search for new multiferroics and the 
investigation of the underlying microscopic mechanisms is one of the most active fields in current material 
science [18,19,20]. Indeed organic charge-transfer salts were considered as good candidates for 
multiferroics with a ferroelectric state that is driven by CO [21].  
In this Topical Review, we will mainly concentrate on two families of organic charge-transfer salts, the 
quasi-one-dimensional systems (TMTTF)2X (TMTTF: tetramethyltetrathiofulvalene) and the two-
dimensional (ET)2X systems involving layers of bis(ethylenedithio)-tetrathiafulvalene molecules (often 
abbreviated as BEDT-TTF or ET). Members of the first group of materials belonged to the first examples of 
electronic ferroelectricity [1,2]. They feature uniform stacks of nearly planar organic TMTTF molecules, 
forming chainlike structures with rather strong dimerization of neighbouring molecules. This dimerization, 
combined with charge ordering, gives rise to the ferroelectric state [21]. Interestingly, only in part of the 
ferroelectric one-dimensional charge-transfer salts ferroelectricity arises from the electronic degrees of 
freedom. As an example, tetrathiafulvalene-p-bromanil (TTF-BA) will be briefly treated, where mixed 
anion-cation stacks exist and the ferroelectricity is mainly driven by ionic displacements [5]. Especially 
interesting is the case of tetrathiafulvalene-p-chloranil (TTF-CA) [6]. While its structure also comprises 
mixed stacks of the two molecular species, nevertheless it seems that electronic degrees of freedom 
dominate over the ionic ones in this system. 
The dielectric properties of the two-dimensional (ET)2X systems have attracted considerable interest in 
recent years. Their structure includes layers of ET molecules, which can be arranged in a large variety of 
different patterns (indicated by a Greek letter preceding the (ET)2 part of the formula) which, besides of the 
anion layers, strongly affects their physical properties. For example, recently multiferroicity was found in 
-(ET)2Cu[N(CN)2]Cl [7]. Moreover, in [7] a new electric-dipole driven mechanism of multiferroicity was 
proposed to explain the unexpected fact that the magnetic and polar order appear at virtually identical 
temperatures in this system. However, alternative explanations of the experimental findings have also been 
proposed [22] and we are still far from a final clarification of the microscopic origin of the intriguing 
dielectric properties of this system. We will discuss in detail the various dielectric results of this system 
collected by different groups. 
In some dielectric investigations of (ET)2X systems also the typical signatures of relaxor ferroelectricity 
were found [8,9,10,23]. This phenomenon is usually ascribed to the glasslike freezing-in of short-range 
clusterlike ferroelectric order. The most prominent system is -(ET)2Cu2(CN)3, having the same molecular 
arrangement in the ET layers as multiferroic -(ET)2Cu[N(CN)2]Cl. Interestingly, in this material relaxor 
ferroelectricity, i.e., the absence of long-range polar order, is combined with a spin-liquid state in marked 
contrast to -(ET)2Cu[N(CN)2]Cl, where both dipolar and spin degrees of freedom order. A very recent 
example of relaxor ferroelectricity is -(ET)2I3, which will be treated in detail in this Topical Review. In 
contrast to -(ET)2Cu[N(CN)2]Cl and -(ET)2Cu2(CN)3, CO in this material is well established and recently 
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relaxor behaviour was detected deep in the charge-ordered state [10]. Various dielectric investigations of 
this system exist and have been interpreted in different ways [10,11,24]. 
In the first part of this Topical Review, we will briefly introduce typical experimental methods used to 
investigate the dielectric properties of organic charge-transfer salts (section 2). A large section will be 
devoted to the rich variety of dielectric phenomena known to occur in these materials and their proper 
analysis (section 3). Aside of introducing the general features of dielectric relaxation and hopping 
conductivity, we will provide a short overview of the classes and mechanisms of ferroelectricity. An 
especially important topic are non-intrinsic dielectric effects as Maxwell-Wagner relaxations, which can 
lead to the erroneous detection of dipolar relaxation processes and "colossal" values of the dielectric 
constant (ε' ≳ 1000). Section 4 presents experimental results on the two main material classes mentioned 
above as taken from literature or measured by our own group. A short summary is provided in section 5. 
It should be noted that the intention of this work is not to provide an exhaustive review of all dielectric 
investigations performed on organic charge-transfer salts. Especially, we will not treat SDW or CDW 
systems, which also have typical dielectric signatures. Instead, we concentrate on systems that are in the 
focus of recent interest due to their ferroelectric or ferroelectric-like properties, which most likely are of 
electronic origin. 
 
 
2. Experimental techniques 
 
Most dielectric investigations of charge-transfer salts use "classical" dielectric techniques employing 
autobalance bridges or frequency-response analyzers to investigate their dielectric response. Especially for 
insulating materials, the latter devices are better suited as they allow the detection of much lower 
conductance values, down to an astounding 1015 -1 (for more details on these techniques, see [25]). Thus 
these devices by far surpass the lowest conductivities detectable by typical dc experiments and enable 
following the charge-transport behaviour down to much lower temperatures. These methods typically cover 
frequencies from the sub-Hz range up so several MHz. This is fully sufficient, e.g., to characterize 
ferroelectric states and to distinguish between different classes of ferroelectrics as treated in section 3.3 or 
to investigate relaxational processes. For these dielectric measurements, usually two metallic contacts have 
to be applied to the samples, as the devices are designed to operate in twopoint or pseudo-fourpoint contact 
geometry. Sometimes the application of contacts can be challenging, especially if the sample material is 
available in the form of tiny crystals only. Metallic contacts can be applied, e.g., by evaporation or 
sputtering of thin films (gold or silver in most cases), requiring the fabrication of suitable evaporation 
masks. However, generally the application of suspensions of metallic particles as silver paint or graphite 
paste also leads to satisfactory results. In this case, care should be taken to avoid a dissolving or 
decomposition of the organic materials by the solvent of the suspension.  
For thin platelike samples, often found, e.g., for single crystals of two-dimensional materials, the 
contacts can be applied at opposite sides of the crystals, thus forming a parallel-plate capacitor. This 
corresponds to an electric-field direction perpendicular to the planes of the crystalline lattice. For in-plane 
measurements, coplanar contact geometry can be used, however, making the determination of absolute 
values of the dielectric quantities difficult. Alternatively, contacts can be applied forming "caps" around 
opposite ends of the sample. This also works for needle-like crystals as often found for one-dimensional 
materials. Especially the latter type of samples often suffers from cracks occurring during cooling, which 
can make the determination of absolute values of the dielectric quantities difficult [1,4]. Sometimes it can 
be avoided by slow cooling of the samples [1]. 
Usually, the capacitance and conductance of the samples are measured by the employed devices, from 
which the dielectric permittivity (real and imaginary part, ε' and ε", respectively) and/or the complex 
conductivity (' + i") can be determined by textbook formulae involving the geometry of the sample. 
Alternatively, also the impedance, i.e., the complex resistance can be determined, from which the resistivity 
(' + i") can be deduced. Generally, permittivity, conductivity, and resistivity (all being complex 
quantities) are interrelated by simple formulae (the most common one is ε" = '/(2ε0), where ε0 is the 
permittivity of vacuum) and in principle provide the same information. However, different dielectrically 
active processes often are differently emphasized in these quantities, which sometimes makes their separate 
discussion helpful [26]. For example, it seems natural that plotting the real part of the conductivity is best 
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suited to obtain information on the charge transport in the material, while the dielectric loss is best suited to 
reveal dipolar relaxation processes. 
At frequencies above some MHz, different techniques are employed. For measurements up to several 
GHz, a coaxial reflectometric method is the most common technique. Here, the sample is mounted at the 
end of a coaxial line, bridging the inner and outer conductors via a specially designed sample holder 
[25,27]. Still two metallic contacts on the sample are necessary. An impedance analyzer or network 
analyzer connected to the other end of the line determines the impedance of the sample either by measuring 
the complex reflection coefficient of this assembly or by an I-V method based on the direct relation of the 
voltage-current ratio to the impedance. Proper calibration using at least three standard samples is necessary 
to eliminate the influence of the coaxial line. The contribution of the sample holder is mainly given by an 
additive inductance contribution and has to be eliminated by an additional calibration, where the sample is 
replaced by a short of similar geometry.  
Various other techniques are available for this frequency range beyond MHz, also extending into the 
microwave range up to several tens of GHz [25,28,29,30,31]. For example, resonance methods can be used, 
where damping and phase shift of a cavity or other resonator with the sample inserted is measured by a 
network analyzer (no contacts are needed here). Network analyzers can also be employed to measure the 
transmission of various types of waveguides (e.g., coplanar or striplines) that is damped by the sample 
material. While in these methods the electromagnetic waves are guided in coaxial of other transmission 
lines, at even higher frequencies unguided wave methods have to be used. Beyond about 50 GHz up to the 
THz range, the transmission or reflection of the wave can be detected by quasi-optical techniques [32]. In 
most cases, both the absolute value and phase shift are measured allowing the direct calculation of the 
dielectric properties. At even higher frequencies, commercial infrared and optical spectrometers are 
available. In the present work, we do not treat results obtained by quasi-optical methods or infrared and 
optical spectroscopy. 
 
 
3. Dielectric phenomena and analysis 
 
Dielectric spectroscopy, even when assuming its "classical" definition restricted to measurements up to 
about 1 GHz only, is able to detect numerous, very different physical phenomena in condensed matter 
[33,34]. Here we only treat those known to occur in the organic charge-transfer salts 
 
 
3.1 Dielectric Relaxation 
 
The term "dielectric relaxation" usually denotes reorientational processes in condensed matter that can be 
detected by dielectric spectroscopy. To enable a coupling to the electrical field, the reorientation must be 
accompanied by the motion of charges. The classical case is the rotation of dipolar molecules as 
schematically indicated in the left part of figure 1. The detailed investigation of such processes in a broad 
frequency range is a standard method for the investigation of the molecular dynamics in molecular solids, 
supercooled liquids and glass forming systems [33,34]. However, local hopping processes in double- or 
multiple-well potentials, which formally corresponds to the reorientation of a dipolar moment, also can lead 
to the typical signatures of dipolar relaxation. Such processes are known, e.g., to sometimes occur in 
hydrogen-bonded materials, when the proton on an H-bond can hop between two positions and, at low 
temperatures, either can order ferroelectrically or show glassy freezing [35,36]. 
The signature of a relaxation process in dielectric spectroscopy is a peak in the loss ε" and a step in ε'. 
These features show up in both frequency- and temperature-dependent plots of the complex permittivity as 
schematically indicated in figures 1(b) - (d). The occurrence of a step in ε'() is usually made plausible 
assuming that the dipoles cannot follow the ac electrical field at high frequencies or low temperatures. This 
leads to a reduction of polarization and, thus, a steplike decrease of ε' from the static dielectric constant εs to 
the significantly lower high-frequency limit of ε'. The latter is denoted as ε and arises from the ionic and 
electronic polarizability of the material. The peak in the loss can be interpreted assuming maximum 
absorption of field energy when the ac-field frequency matches the reorientation frequency of the dipoles. It 
should be noted, however, that these simple pictures describing the interaction of the ac field with dipolar 
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Here B is an empirical constant and TVFT corresponds to the divergence temperature of peak. This function is 
known to provide a good parameterization of the slowing down of molecular motion of disordered matter 
[33,34]. However, it often is also used to describe the glass-like freezing of dipolar order in the so-called 
relaxor ferroelectrics (see, e.g., [48,49,50]), treated in section 3.3, and thus also is relevant for various 
organic charge-transfer salts (e.g., [8,9]). Aside of relaxor ferroelectrics, some canonical ferroelectric 
materials also are known to exhibit dielectric relaxation behaviour. This is especially the case for the so-
called order-disorder ferroelectrics, discussed in section 3.3, and also found in some organic salts (e.g., 
[3,4]). There the temperature dependence of the relaxation time shows critical behaviour. 
Finally, we want to mention that relaxational dielectric response can also be observed in CDW 
systems, which also may be relevant for some organic charge-transfer salts (e.g., [51,52,53]). Their 
dielectric behaviour shows two characteristic features: A resonance mode at GHz frequencies arising from 
the CDW that is pinned at defects and a relaxation mode at kHz-MHz with giant values of the static 
dielectric constant [54]. As suggested by Littlewood [55], the low-frequency relaxation mode in this class 
of materials may arise from the screening of the pinned CDW by the normal electrons that do not 
participate in the CDW. 
 
 
3.2 Hopping charge transport 
 
In electronic conductors, disorder can lead to a localization of the charge carriers (electrons or holes). The 
disorder may be caused by an amorphous structure (e.g., amorphous Si) or doping (substitutional disorder). 
Even in nominally pure crystals, slight deviations from stoichiometry or lattice imperfections can occur. 
Charge transport of localized charge carriers takes place via hopping from one minimum in the disordered 
energy landscape to another as schematically indicated in the inset of figure 2. The hopping processes can 
be thermally activated or may occur via tunneling. Aside of classical examples as amorphous or heavily 
doped semiconductors, hopping conductivity was also found in a large variety of electronically correlated 
materials (e.g., [56,57,58,59,60,61,62]), also including several organic charge-transfer salts (e.g., 
[7,63,64,65]). There are various theoretical treatments of hopping charge transport (see, e.g., [66,67,68,69]), 
the most prominent one being Mott's variable-range hopping (VRH) model, assuming phonon-assisted 
tunneling processes [70]. Distinct predictions are made for the temperature dependence of the dc and ac 
conductivity. Best known is the VRH formula for the dc conductivity: 

 dc = 0 exp [-(T0/T)1/] (3) 
 
For isotropic charge transport,  = 4 is predicted. Values of   = 3 and 2 arise for VRH conduction in two 
and one dimensions, respectively [70,71], which may be relevant for the low-dimensional charge transport 
in organic charge transfer salts. A value of  = 2, however, can also arise in three dimensions when 
additional Coulomb interaction between the charge carriers is taken into account [72]. 
The characteristic signature of hopping conductivity in the frequency dependence of the complex 
conductivity is a power law with an exponent s < 1, usually termed "universal dielectric response" (UDR) 
as schematically shown in figure 2 [26]: 
 
 ' = dc + 0 s (4a) 
 " = tan(s/2) 0 s +  0 2 (4b) 
 
The last term in equation (4b) accounts for the contribution of ε, using the relation " = 2  ε0 ε' (it causes 
the increasing slope observed in " at the highest frequencies in figure 2). 0 is a prefactor and ε0 is the 
permittivity of free space. The temperature dependence of the experimentally determined s can be used to 
check the applicability of a specific hopping model for the investigated material [66,67,68]; e.g., for VRH, 
a temperature independent s  0.8 is expected [67,70]. In accord with experimental observations, most 
models agree in predicting such a power law for the conductivity. However, it should be noted that often 
slight deviations from a pure s law are expected, corresponding to a weak frequency dependence of the 
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low temperatures domains are large and domain walls can hardly be moved by realistic external electric 
fields (less than breakdown field), while at high temperatures charge carriers become mobile resulting in 
hysteresis curves dominated by Ohmic losses, again hampering switchability. Hence, in real systems 
macroscopic and intrinsic polarization sometimes is hard to detect, which is specifically true for many 
organic polar crystals.  
At a critical temperature Tc, a ferroelectric material undergoes a structural phase transition from a high-
temperature, high-symmetry and paraelectric phase into a low-symmetry ferroelectric phase. The low-
symmetry phase is characterized by the occurrence of spontaneous polarization P which is reversible under 
the influence of external electric fields. Phase transitions in ferroelectrics are usually connected with mostly 
minor rearrangements of a few atoms only: In ferroelectric perovskites of stoichiometry ABO3, the B ions, 
octahedrally coordinated by six O2- ions, move off-center resulting in a long-range ordered polar ground 
state. In hydrogen-bonded ferroelectrics, at high temperatures and in the paraelectric phase the protons are 
statistically distributed in a double-well potential located between two neighbouring oxygen ions, but 
undergo long-range order with the preference of one site in the ferroelectric state. Molecular compounds 
with permanent dipole moments, at high temperatures often exhibit orientationally disordered phases, but 
reveal long range order of the dipole moments in the low-temperature polar phase. The fact that one class of 
crystals exhibits a high-symmetry structure with no permanent dipole moments at high temperatures and 
undergoes polar order with permanent dipole moments via local shifts of ions and a second class of crystals 
is characterized by the existence of permanent dipole moments, which in the high temperature phase are 
statistically disordered and undergo polar order by aligning these dipolar moments, is frequently used as a 
classification scheme of ferroelectrics into classes of displacive vs. order-disorder phase transitions, 
respectively:  In the high-temperature paraelectric phase, displacive ferroelectrics have no permanent dipole 
moments, while order-disorder ferroelectrics have permanent dipoles which are disordered with respect to 
site and time. 
 
 
3.3.1 Displacive ferroelectrics 
 
In displacive ferroelectrics one specific vibrational mode, a dipolar-active transverse optical phonon, at the 
zone centre of the Brillouin zone becomes soft and finally condenses at a critical temperature. This 
freezing-in of the long-wavelength ionic displacements results in an off-symmetry position of the cation in 
the cage of surrounding anions establishing long-range ferroelectric polarization. For the case of a 
ferroelectric with a single soft mode, the relation of the dielectric constants to the optical eigenfrequencies 
are given by the Lyddane-Sachs-Teller (LST) relation ε(0)/ε∞ = (ωLO/ωTO)2. Here ε(0) is the static and ε∞  
the high-frequency dielectric constant; ωLO and ωTO are the longitudinal and transversal zone-centre optical 
phonons, respectively. The LST relation describes the so-called polarization catastrophe, where the 
softening of the mode is connected with the divergence of the static dielectric constant.  The validity of the 
LST relation has been documented by Cowley via inelastic neutron scattering in SrTiO3 [78]. 
The divergence of the static dielectric constant is an important signature of displacive ferroelectrics and 
has been observed in many systems, specifically in many perovskites with polar ground states. Figure 3(a) 
shows an illuminating example, where the static dielectric constant of BaTiO3 diverges at Tc [79]. At Tc the 
high-symmetry cubic structure transforms into a low symmetry tetragonal polar state with the occurrence of 
spontaneous ferroelectric polarization. The temperature dependence of the inverse dielectric constant in the 
paraelectric phase shows that the temperature dependence of the real part of the dielectric constant can be 
perfectly well described by a Curie-Weiss law 
 
 ε' = C / (T - TCW)  (5) 
 
with C the Curie constant determined by the number of dipoles per volume and the size of the dipole 
moment and TCW the Curie-Weiss temperature which gives an average interaction strength between 
neighbouring dipoles. In many cases, and this is also documented in figure 3(a), the Curie-Weiss 
temperature is of order of the ferroelectric ordering temperature.  
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3.4 Non-intrinsic effects 
 
The most prominent non-intrinsic contribution to the dielectric response of materials is the long-known 
Maxwell-Wagner polarization [91,92] sometimes also termed space-charge effect. It arises from charge 
accumulation at interfaces and can give rise to dielectric constants of extreme magnitude (sometimes 
termed "colossal dielectric constants" [93,94,95,96]). Any kind of interfaces in the sample can lead to the 
apparent detection of very high values of the dielectric constant because usually they behave as very thin 
parallel-plate capacitors, thus leading to high capacitances. For example, such effects can occur at the 
surface of the sample, e.g., at the electrode-sample interface, giving rise to so-called electrode polarization. 
This is especially relevant for semiconducting samples and, thus, also for many organic charge-transfer 
salts. When applying metallic contacts at a semiconducting sample, depletion layers of low carrier 
concentration may arise at the sample surfaces due to the formation of Schottky diodes at the metal-sample 
interfaces. Surface layers with ill-defined stoichiometry at the surface of the sample are other possible 
reasons for surface-related Maxwell-Wagner effects. Moreover, internal interfaces can arise too. Common 
examples are the grain boundaries of ceramic samples or planar crystal defects like twin boundaries [93]. 
 
 
Figure 5. Schematic spectra of the real and imaginary part of the permittivity [(a) and (b), respectively] 
and of the conductivity (c) as resulting from the equivalent circuit shown in (c) [94]. Solid lines: overall 
response. Dashed lines: intrinsic bulk behaviour including dc conductivity dc, a frequency-independent 
dielectric constant ε and a UDR contribution due to hopping conductivity, as given by equations (4a) and 
(4b). 
 
 
Maxwell-Wagner effects generally lead to a strong frequency-dependence of the dielectric properties, 
even if the investigated material exhibits no intrinsically frequency-dependent microscopic processes. This 
can be well understood by modelling the different regions of the sample (usually one or several thin 
interface regions and the bulk) by an equivalent circuit. The simplest case is a parallel RC circuit for the 
interface layer, connected in series to the bulk element, which, e.g., can be an RC circuit with intrinsic 
frequency dependence as indicated in the inset of figure 5(c). The interface layers usually have lower 
conductivity and higher capacitance than the bulk. Therefore, at high frequencies the capacitor caused by 
the interface becomes shorted and the intrinsic bulk behaviour is observed. Such behaviour is schematically 
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indicated in figure 5, where the dashed lines indicate the intrinsic bulk response and the solid lines the 
measured spectra [94]. At low frequencies, a Maxwell-Wagner relaxation process arises that exhibits the 
same spectral signatures as an intrinsic relaxation process (section 3.1). For   0 the dielectric constant 
assumes apparently colossal values because here the high capacitance of the thin interface layer dominates 
the measured ε'. This happens despite the true dielectric constants of both the interface and the bulk are not 
colossal at all (for a more detailed treatment, see [96]). The curves in figure 5 were calculated assuming 
UDR behaviour caused by hopping conductivity for the intrinsic dielectric response of the sample material. 
For an intrinsic relaxation process (section 3.1), a second (intrinsic) set of relaxation features would show 
up in the spectra at high frequencies (at least if the Maxwell-Wagner and intrinsic relaxation are well 
separated in frequency). However, sometimes several successive Maxwell-Wagner relaxations also can 
occur in the spectra. This can happen, e.g., in ceramic samples, where grain boundaries and contact-related 
Schottky diodes represent two different types of interfaces [96,97,98].  
Distinguishing MW relaxations from intrinsic bulk ones is an essential task. A check for contact 
effects can be performed by a variation of the contact material (e.g., silver paint, carbon paste, sputtered or 
evaporated contacts), which should affect the contact-dominated regions of dielectric spectra [94,95,96]. 
Another possibility is the variation of the sample geometry, especially of the area-to-thickness ratio. The 
enhanced low-frequency dielectric constant for a Maxwell-Wagner relaxation arises from the fact that ε' is 
calculated via C'/C0. Here C' is the capacitance measured by the device (which is large for a thin interface 
layer) and C0 =A/d ε0 is the empty capacitance of the sample, which depends on the surface-to-thickness 
ratio A/d. Electrode effects are surface effects. Thus, if C' is completely dominated by electrode polarization 
[usually the case for low frequencies; cf. figure 5(a)], the measured C' will only be determined by the 
surface and not by the thickness of the sample. Therefore, when measuring two samples with different A/d, 
their calculated dielectric constants would markedly differ, which would not be the case for an intrinsic 
bulk effect. The best method to exclude grain boundary contributions in the dielectric response is measuring 
good single-crystalline samples. Alternatively, ceramic samples subjected to different sintering procedures 
or prepared from differently ground powders, leading to differently sized grains, should be investigated and 
the results compared to unequivocally reveal grain-boundary effects. 
It should be noted that, of course, all the effects treated in chapter 3 also can simultaneously occur in a 
sample. This is especially likely in the organic charge-transfer salts as even those classified as "insulating" 
have non-negligible conductivity. The latter contributes to the dielectric spectra in a direct way, e.g., by the 
divergence of the permittivity mentioned in section 3.2 and also indirectly as samples that are not 
completely insulating are prone to the formation of electrode polarization as discussed in the previous 
paragraphs. It often is difficult to deconvolute the different contributions in the dielectric spectra. 
Sometimes impedance plots or the subtraction of conductivity contributions are employed to analyse such 
data. Nowadays, assuming proper equivalent circuits and making simultaneous least-square fits of both 
ε'() and ε"() or of ε'() and '() is state of the art for a proper analysis of such data. However, even then 
it may prove difficult to unequivocally determine the parameters of the different processes in the material, 
especially if their contributions in the spectra are strongly superimposed by each other or are obscured by 
non-intrinsic Maxwell-Wagner effects. 
 
 
4. Experimental results and interpretation 
 
4.1 One-dimensional ferroelectric charge-transfer salts  
 
4.1.1 (TMTTF)2X 
 
Concerning their dielectric properties, among the one-dimensional organic charge-transfer salts 
especially those from the (TMTTF)2X family are of interest (typical anions X are Br, PF6, AsF6, SbF6, BF4, 
ReO4, and SCN [1]). They feature nearly planar organic TMTTF (tetramethyltetrathiofulvalene) molecules 
that are stacked along one direction, forming chainlike structures with rather strong dimerization. More 
details on these systems can be found, e.g., in several review articles [1,12,99]. Their dielectric properties 
were investigated in great detail in a number of works by Nad, Monceau, and coworkers (see, e.g., 
[1,2,3,100,101,102,103,104]. CO arising from charge disproportionation between neighbouring TMTTF 
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temperatures should agree in relaxor ferroelectrics, especially as in most relaxors the Curie-Weiss law is 
applicable far above the peak temperature only [85] and the VFT law is a purely phenomenological 
parameterization. Nevertheless, this difference for '-(ET)2ICl2, in contrast to the findings in -
(ET)2Cu2(CN)3, seems interesting and it also should be noted that TVF and TN are nearly identical. In ref. [9] 
"frustration between ferroelectric and antiferroelectric interactions" and "spin-charge coupled degrees of 
freedom" were considered to rationalize the finding of TCW > TVF.  
 
 
4.2.2 -(ET)2I3, a relaxor ferroelectric? 
 
 
Recently, second-harmonic generation (SHG) measurements of -(ET)2I3 suggested possible 
ferroelectric ordering in this material [128,129]. SHG points to a non-centrosymmetric crystal structure 
[130,131]. However, it should be noted that this does not necessarily imply ferroelectricity. Ferroelectrics, 
in addition also are characterized by a unique polar axis and switchable polarization [77]. Only 10 of the 21 
non-centrosymmetric crystal structures are polar and only a fraction of the materials belonging to these 
groups are ferroelectric [77]. Thus, dielectric and polarization measurements are necessary to clearly prove 
ferroelectricity in -(ET)2I3. Again, in this two-dimensional material the ET molecules are located in planes 
and have an average charge of +0.5 per molecule. The  structure in the ET planes corresponds to 
molecules that are arranged in a herringbone pattern (figure 14) [132]. Interestingly, only part of the 
molecules are dimerized and arranged in stacks (denoted by I in figure 14) that are separated by stacks of 
non-dimerized molecules (stacks II). This material is known to show a clear CO transition at TCO  135 K 
[132,133]. It is accompanied by a huge drop of the in-plane conductivity as was shown in two pioneering 
works by Bender et al. [132,134]. Later on, this finding was confirmed in refs. [135] and [136].  
 
 
 
Figure 14. Schematic plot of an ET plane of -(ET)2I3 visualizing the dimerization (strongly exaggerated 
in the plot) and CO pattern [10]. Molecules with higher charge values are shown in black. Dimerization 
only exists in stack I. The dipolar moments, adding up to a net polarization in the dimerized stacks, are 
indicated by arrows [10]. 
 
 
In ref. [135], in addition to the dc response, also the in-plane permittivity and ac conductivity of -
(ET)2I3 were reported in a wide range, including microwave to optical frequencies. From spectra of the 
dielectric constant shown in that work, in the kHz range and at 60 - 120 K a relaxation-like mode with huge 
amplitude was detected with the static dielectric constant reaching values up to 5105. In two more recent 
papers [11,136], the existence of this huge relaxation mode was confirmed and at low temperature (47 K) 
even a second relaxation was reported as shown in figure 15, which astonishingly shows no significant 
temperature variation of its relaxation time. The larger and slower mode was ascribed to "the phasonlike 
excitation of the 2kF bond-charge density wave" while the faster relaxation process was assumed to arise 
from the "motion of domain wall pairs" within the CO structure [11]. In these measurements the in-plane 
dielectric response was detected. Within the ET planes, even in the charge-ordered phase the conductivity 
of -(ET)2I3 is relatively high [136]. Its frequency dependence was found to follow a power-law pointing to 
b
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Figure 17. Temperature dependence of the dc conductivity of -(ET)2I3 for the electrical field directed 
within (data taken from ref. [136]) and perpendicular to the ET planes [10]. Inset: Scaled temperature 
dependences of the curves shown in the main frame. 
 
 
 
Figure 18. Temperature dependence of the dielectric constant of -(ET)2I3 for various frequencies [10]. 
 
 
The much lower out-of-plane conductivity of -(ET)2I3, revealed in figure 17, enabled reliable 
measurements of the dielectric permittivity in the charge ordered state [10]. As shown in figure 18, even 
some results above TCO could be obtained. Just as for the conductivity, the CO transition is clearly revealed 
in ε'(T), which seems to increase by about 2 decades when leaving the CO state. Nevertheless, it should be 
noted that the significance of the results at T > TCO is limited as here the conductivity still is too high for the 
measurement device to produce reliable data and because Maxwell-Wagner effects (section 3.4) may start 
to play a role. Interestingly, immediately below TCO, where no such problems exist, ε'(T) is not or only 
weakly temperature dependent (depending of frequency). The SHG signal detected in ref. [128] was 
reported to continuously arise below TCO. Therefore, if assuming that the SHG is caused by ferroelectric 
ordering, the ferroelectric transition in -(ET)2I3 would be expected to be identical with TCO where an 
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anomaly in ε'(T) should occur. While no clear statement at T > TCO can be made, due to the mentioned 
experimental problems, at T < TCO clearly the absence of any anomalous behaviour in ε'(T) that would point 
to a ferroelectric transition at TCO can be stated. Instead, unexpectedly a broad peak in ε'(T) shows up at 
much lower temperatures, around 50 K. Its frequency and temperature dependence (figure 18 and ref. [10]) 
bears the clear signatures of relaxor ferroelectrics (section 3.3.3). This finding is unexpected and not fully 
explained until now. In [10], we have suggested that, just as proposed for -(ET)2Cu2(CN)3, '-(ET)2ICl2, 
and κ-(ET)2Cu[N(CN)2]Cl, the ordering of electronic dipolar degrees of freedom leads to the ferroelectricity 
in -(ET)2I3. The relaxor behaviour and decoupling of the ferroelectric ordering from the CO transition was 
ascribed to the peculiarities of the  structure of the molecules within the ET planes. Especially it was 
argued that the alteration of dimerized and undimerized stacks may prevent the formation of canonical 
long-range ferroelectric order directly below TCO. Notably, in contrast to canonical relaxor behaviour 
[84,85], the static dielectric constant tends to saturate at a finite value for high temperatures (figure 18), for 
which an explanation was proposed in ref. [10] in terms of the scenario discussed above. Interestingly, 
similar behaviour is also found in the relaxors -(ET)2Cu2(CN)3 (figure 12 [8]) and '-(ET)2ICl2 (figure 13 
[9]). 
The frequency dependence of the dielectric permittivity (real and imaginary part) shown in [10] also 
signifies relaxational response and could be well fitted by a CC function (eq. 1 with  = 1), including an 
additional dc-conductivity contribution idc / (2ε0). Finally, polarization experiments that could be 
successfully performed at low temperatures, far within the insulated range, also revealed clear evidence for 
ferroelectricity in -(ET)2I3. The out-of-plane ε' spectra from ref. [24], shown in figure 16, qualitatively 
agree with the relaxor behaviour detected in [10]. Especially, ε' continuously increases with temperature for 
the investigated range 10 K < T < 50 K. Moreover, the frequency dependence may be consistent with 
relaxor ferroelectricity but the absolute values reached at low frequencies are clearly higher than in [10] 
pointing to sample-dependent differences or non-intrinsic effects.  
 
 
4.2.3 Multiferroic -(ET)2Cu[N(CN)2]Cl 
 
-(ET)2Cu[N(CN)2]Cl, is an especially interesting case, as recently dielectric and polarization experiments 
were reported revealing strong hints at ferroelectricity that occurs simultaneously with magnetic order [7]. 
This finding characterizes this material as multiferroic, making it a member of one of the most prominent 
material classes in current materials science [18,19,20]. Moreover, alternative explanations were proposed 
to explain the remarkable dielectric properties of -(ET)2Cu[N(CN)2]Cl [7,22,137,138,139] and our 
microscopic understanding of this material still is far from complete. The structure of the ET planes in this 
compound is very similar as for -(ET)2Cu2(CN)3 shown in figure 11. However, as was pointed out in ref. 
[139] providing a detailed comparison of both systems, the dimer centres in the Cl system are arranged in 
more anisotropic triangles. This may lead to reduced frustration and could explain the fact that this material 
shows antiferromagnetic ordering at about 25 - 30 K instead of a spin-liquid state as in -(ET)2Cu2(CN)3 
[140,141] (see below for an alternative explanation). 
In the following, we first treat the dc transport of -(ET)2Cu[N(CN)2]Cl, which is of relevance for the 
interpretation of its dielectric behaviour. There are several works where marked anomalies in the 
temperature dependence of the conductivity or resistivity of -(ET)2Cu[N(CN)2]Cl were reported. An early 
example can be found in ref. [142] where especially for the out-of-plane field direction a strong anomalous 
low-temperature increase of (T) was detected at about 30 K, not far from the magnetic ordering 
temperature TN. (T) calculated from (T) shown in this work is included in figure 19a (solid line). As a 
second example, results from ref. [143] are included (dashed line). Finally, figure 19a contains the 2.1 Hz 
curve from ref. [7], which, based on the frequency independence of ' at low frequencies (inset), is a good 
approximation of the dc conductivity. While the absolute values partly are different, all three curves show 
the mentioned strong reduction of the conductivity close to TN, which is indicated by the arrow. A similar 
strong conductivity anomaly around 30 K also was reported in ref. [144]. As CO is a common phenomenon 
in related systems, some of them being treated in the preceding sections, one may speculate that these 
anomalies indicate a CO transition in -(ET)2Cu[N(CN)2]Cl, leading to a reduction of  similar as revealed 
in figures 6 and 17. However, it should be noted that in other works no such anomaly was found in -
25 
 
(ET)2Cu[N(CN)2]Cl (e.g., [22,145]) and, obviously, there is a strong sample-to-sample variation of its 
conductivity behaviour, as also explicitly shown in [137]. 
 
 
Figure 19. (a) Temperature dependence of the out-of-plane dc conductivity of -(ET)2Cu[N(CN)2]Cl 
taken from refs. [7] (circles), [142] (solid line) and [143] (dashed line). The inset shows ' at different 
frequencies [7] demonstrating that the 2.1 Hz curve shown in the main frame corresponds to the dc 
conductivity. Frame (b) provides the conductivity at 2.1 Hz, plotted in an Arrhenius representation. In (c) 
the same data are shown in a representation that should lead to linear behaviour for the VRH T1/4‐law [7]. 
 
 
The frequency dependence of ', revealed at low frequencies  and temperatures in the inset of figure 
19(a), follows the UDR, eq. (4a), indicating hopping conductivity [7]. This is corroborated by figure 19(b) 
showing that '(T) at 2.1 Hz does not follows a simple thermally activated behaviour in any extended 
temperature range. However, frame (c) demonstrates that it also cannot be described by Mott's VRH law, 
eq. (3), and thus the microscopic mechanism of the hopping process in -(ET)2Cu[N(CN)2]Cl still remains 
to be clarified. 
Concerning the dielectric properties of -(ET)2Cu[N(CN)2]Cl, we first want to mention the pioneering 
work by Pinterić et al. [138] who found a strongly frequency-dependent permittivity in two different single 
crystals and large values of ε' > 1000 at low frequencies. The obtained spectra were interpreted in terms of 
relaxational response. The spectra on crystal 2, shown in figure 20, were fitted by the sum of a Debye 
(slower mode) and a HN function [faster mode; eq. (1)] [138]. The two corresponding relaxation processes, 
both with relaxations strengths larger than 1000, were ascribed to "charged domain walls" and the "domain 
structure of the Cu2+ subsystem". One should be aware that these data can also be fitted by a single 
distributed relaxation function, namely the CD function. Indeed, later data by the same group were 
parameterized in this way [22] as will be discussed below. It is clear that in these in-plane measurements 
the results are hampered to some extent by strong conductivity contributions, which were subtracted from 
the raw data to arrive at the shown loss spectra. As demonstrated for -(ET)2Cu[N(CN)2]Cl in ref. [137], 
the occurrence of peaks in data corrected in this way critically depends on the exact choice of the subtracted 
dc conductivity, introducing some ambiguities in their interpretation. In any case, the results of ref. [137] 
already indicated an interesting dielectric response of -(ET)2Cu[N(CN)2]Cl and especially the found very 
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kHz to MHz range. It could be well described by the HN function, eq. (1). Moreover, a marked bias 
dependence of the dielectric properties was found. In [148] these results were interpreted in terms of 
collective excitations of a CDW. 
 
 
5. Summary and Conclusions 
 
The preceding sections have shown that organic charge-transfer salts exhibit a rich "zoo" of dielectric 
phenomena, allowing to draw conclusions on such interesting properties as electronic ferroelectricity, 
relaxor ferroelectricity and multiferroicity. Dipolar relaxation, dc charge transport, ac conductivity arising 
from hopping conductivity, dielectric anomalies due to short- and long-range ferroelectricity and Maxwell-
Wagner relaxations all can be found in these materials. As these processes can partly occur simultaneously 
in the same material, care should be taken in the interpretation of the dielectric data and measurements 
should be made in a frequency and temperature range that is as broad as possible. Moreover, considerable 
sample-to-sample variations may pose problems in the interpretation of data.  
In this review, we have concentrated on two classes of organic charge-transfer salts, showing especially 
interesting dielectric phenomena. The one-dimensional systems treated in section 4.1 have proven to be 
ideally suited for studying the two fundamentally different mechanisms of ferroelectricity, namely the 
generation of polar order by ionic or electronic degrees of freedom. Especially the investigation of systems 
like TTF-CA, where both mechanisms compete [6], to us seems a promising task for further research. 
The two-dimensional (ET)2X systems stand out by the large variation of properties that partly can be 
ascribed to the different arrangements of the molecules within the ET layers. However, even for the two -
type systems, -(ET)2Cu2(CN)3 and -(ET)2Cu[N(CN)2]Cl, markedly different dielectric behaviour is found 
[139]. The first compound is characterized by dipolar and magnetic degrees of freedom that, however, both 
do not develop long-range order [8]. In contrast, the latter system was found to be multiferroic, showing 
both dipolar and magnetic order and an especially close coupling of the magnetic and dipolar degrees of 
freedom, for which a new type of electric-dipole driven multiferroic mechanism was proposed [7]. 
Frustration effects arising from the triangular lattices within the ET planes, which exhibit different 
anisotropies, may explain these different low-temperature phases of both materials [139] but the details are 
far from being understood. In fact, even the nature of the dipolar degrees of freedom in these systems is not 
yet clarified, especially concerning the role of CO, for which no clear evidence was found until now [126]. 
Interestingly, in '-(ET)2ICl2 not exhibiting the triangular arrangement of the other systems, an absence of 
long-range polar order was detected, too, while magnetic order is known to occur in this system [9]. 
Another intriguing example is -(ET)2I3 where a complex charge-order pattern within the ET planes seems 
to be the reason for the occurrence of relaxor ferroelectricity at temperatures significantly below TCO [10]. 
Overall, there is a clear need for further thorough investigations of the dielectric properties of organic 
charge-transfer salts, in order to arrive at a concise and systematic picture of the mechanisms governing 
their intriguingly rich properties. 
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